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Cooperation of BMP7 and SHH in the Induction
of Forebrain Ventral Midline Cells
by Prechordal Mesoderm
J. Kim Dale,*² Christine Vesque,*² extends from the spinal cord rostrally to the mid-dien-
cephalon at the level of the zona limitans intrathalamicaThierry J. Lints,³ T. Kuber Sampath,§
(Placzek et al., 1990a; Hatta et al., 1991; Placzek et al.,Andrew Furley,*# Jane Dodd,³‖
1993; Kennedy et al., 1994; Heath et al., 1995). Ventraland Marysia Placzek*#‖
midline cells at more rostral levels of the neuraxis share*National Institute for Medical Research
the ability to organize ventral cell pattern in surroundingMill Hill
neural tissue (Hatta et al., 1994; Ericson et al., 1995).London NW7 1AA
The organizing activity of both floor plate and rostralUnited Kingdom
ventral midline cells appears to be mediated by the³Department of Physiology and Cellular Biophysics and
secreted protein, sonic hedgehog (SHH) (Barth and Wil-Center for Neurobiology and Behavior
son, 1995; Ekker et al., 1995; Tanabe and Jessell, 1996).Columbia University
However, inother respects, ventral midline cellsat differ-New York, New York 10032
ent rostrocaudal positions exhibit distinct properties.§Creative Biomolecules
The floor plate secretes diffusible and surface proteins35 South Street
that guide the axons of spinal sensory relay interneuronsHopkinton, Massachusetts 01748
(Colamarino and Tessier-Lavigne, 1995). Rostral to the
mid-diencephalon boundary, ventral midline cells of the
rostral diencephalon do not express these axon guid-Summary
ance proteins (Placzek et al., 1990a, 1993; Hatta et al,
1991; Kennedy et al., 1994; Heath et al., 1995) but ex-
Ventral midline cells at different rostrocaudal levels of press genes unique to rostral regions of the neural tube
the central nervous system exhibit distinct properties (Puelles et al., 1987; Puelles and Rubenstein, 1993; Eric-
but share the ability to pattern the dorsoventral axis son et al., 1995).
of the neural tube. We show here that ventral midline How might ventral midline cells acquire distinct identi-
cells acquire distinct identities in response to the dif- ties along the rostrocaudal axis? Floor plate differentia-
ferent signaling activities of underlying mesoderm. tion is initiated by an inducing signal from the underlying
Signals from prechordal mesoderm control the differ- axial mesoderm cells of the notochord (Tanabe and Jes-
entiation of rostral diencephalic ventral midline cells, sell, 1996). SHH is expressed by the notochord and has
whereas notochord induces floor plate cells caudally. been shown to mediate the induction of the floor plate
Sonic hedgehog (SHH) is expressed throughout axial (Roelink et al., 1994, 1995; Marti et al., 1995a; Chiang
mesoderm and is required for the induction of both et al., 1996; Ericson et al., 1996). The mechanism under-
rostral diencephalic ventral midline cells and floor lying the development of rostral diencephalic ventral
plate. However, prechordal mesoderm also expresses midline cells is unknown. Prechordal mesoderm, rather
BMP7 whose function is required coordinately with than notochord, underlies prospective rostral dience-
SHH to induce rostral diencephalic ventral midline phalic ventral midline cells (Adelman 1922, 1932; J. D.
and M. P., manuscript in preparation). Furthermore,cells. BMP7 acts directly on neural cells, modifying
when rostral midline cells are separated from underlyingtheir response to SHH so that they differentiate into
mesendoderm, they fail to develop normally (Adelman,rostral diencephalic ventral midline cells rather than
1930), suggesting that the prechordal mesendoderm isfloor plate cells. Our results suggest a model whereby
required for their induction or maintenance. If, as withaxial mesoderm both induces the differentiation of
floor plate cells, rostral diencephalic ventral midline cellsoverlying neural cells and controls the rostrocaudal
are induced by signals from the axial mesoderm, therecharacter of the ventral midline of the neural tube.
are potentially two ways in which their rostral character
could be regulated: neurectoderm in rostral neural plateIntroduction
may be predetermined to respond differently to the
same signals that induce caudal midline, or alternatively,In vertebrate embryos, the fate of progenitor cells in the
prechordal mesoderm might express a distinct activity
neural tube is determined by their position with respect
that specifies rostral properties.
to cellular sources of inducing signals (Lumsden and
To determine whether prechordal mesoderm induces
Krumlauf, 1996; Tanabe and Jessell, 1996). Ventral mid- rostral diencephalic ventral midline cells and to define
line cells of the neural tube represent one such signaling the factors that mediate its inductive activity, we have
source, controlling cell differentiation along the dorso- used in vitro assays of cell differentiation in neural plate
ventral axis. At caudal levels of the neuraxis, ventral tissue. We find that signals from prechordal mesoderm
midline cells of the floor plate pattern adjacent tissue, act on neurectoderm to induce the differentiation of
inducing the differentiation of motor neurons and ventral ventral midline cells of rostral diencephalic character.
interneurons (Tanabe and Jessell, 1996). The floor plate Like notochord, prechordal mesoderm expresses SHH
but also expresses another signaling molecule, not ex-
pressed by caudal mesoderm, bone morphogenetic pro-²The first two authors contributed equally to this work.
tein 7 (BMP7). Using function-blocking antibodies, we#Present address: Developmental Genetics Programme, Krebs In-
provide evidence that the induction of rostral dience-stitute, University of Sheffield, Sheffield S10 2TN, United Kingdom.
‖Correspondence to either senior author. phalic ventral midline cells by prechordal mesoderm
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Figure 1. Markers Distinguish Ventral Midline
Cells
Immunohistochemical analysis of transverse
sections of embryonic rat rostral diencepha-
lon (D) andspinal cord (SC). At 10±12 somites,
rostral diencephalic ventral midline cells con-
tinue to express HNF3b (A) and have begun
to express SHH (E), BMP7 (M), and Nkx2.1
(Q), but not FP3 (I). Prechordal mesoderm
continues to express SHH (E and see Figure
2F) and BMP7 (M). Expression of BMP7 in
prechordal mesoderm is first detected at 5±8
somites (data not shown). Floor plate cells
express HNF3b (B), SHH (F), and FP3 (J), but
not BMP7 (N) or Nkx2.1 (R). HNF3b and SHH
are expressed in notochord (B, F). At 17 so-
mites, HNF3b is absent from diencephalon
(C) but maintained in floor plate and noto-
chord (D). BMP7 is detected in ventral dience-
phalic ventral midline cells (O) but not in floor
plate (P). At 21±23 somites, ventral dience-
phalic cells express SHH (G) and Nkx2.1 (S),
but not FP3 (K). Floor plate expresses SHH
(H), and FP3 (L), but not Nkx2.1 (T). Nkx2.1 is
also expressed by ventrolateral diencephalic
cells. Arrowheads indicate prechordal meso-
derm or notochord. Scale bar: A±D, F±J, N±R:
30 mm; K, O, P, S, T, 55 mm; L, 25 mm; E,
I, M, Q, 20 mm.
requires the actions of both SHH and BMP7. BMP7 im- the neuraxis of the rat (E8.5±E11.5: pre-headfold to 26
somites) (Figure 1; Table 1).poses rostral character on neural midline cells by modi-
fying their response to SHH. These findings demonstrate Floor plate cells at prospective spinal cord and hind-
brain levels can be defined by the early and sustaineda novel interaction between SHH and BMP7 and, in
addition, suggest that theacquisition of rostral character expression of the transcription factor, HNF3b, accompa-
nied later by the expression of the surface moleculesby ventral midline cells of the diencephalon results from
the specialized inducing properties of the underlying FP3 and FP4 (Figures 1 and 2; Table 1). In contrast,
although we found that rostral diencephalic ventral mid-axial prechordal mesoderm.
line cells express HNF3b, they do so only transiently,
with expression terminating by E11. Moreover, rostralResults
diencephalic ventral midline cells do not express the
floor plate markers FP3 or FP4 but do, in contrast to theDistinct Properties of Ventral Midline Cells Rostral
floor plate, express the TGFb-like signaling molecule,and Caudal to the Mid-Diencephalon
BMP7, and the homeodomain protein, Nkx2.1 (Figure 1;Analysis of the cell surface properties and axon guid-
Table 1).ance functions of ventral midline cells reveals that the
floor plate extends from the spinal cord to the mid-
diencephalon (Placzek et al., 1993). Rostral to the mid-
Prechordal Mesoderm Promotes the Differentiationdiencephalon boundary, ventral midline cells share ex-
of Rostral Diencephalic Ventral Midline Cellspression of SHH with floor plate (Figure 1; Echelard et
To determine whether the specialized properties of ros-al., 1993; Krauss et al., 1993; Ericson et al., 1995; Marti
tral diencephalic ventral midline cells are acquired inet al., 1995b) but do not display other floor plate proper-
response to signals from underlying axial mesoderm,ties. To identify properties of ventral midline cells rostral
we examined the expression profile of midline markersto the mid-diencephalon that can serve as markers to
in explants of rat intermediate neural plate cultureddefine their differentiation in vitro, we examined the pro-
Prechordal Mesoderm Induction of Forebrain Ventral Midline
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To distinguish these possibilities, we tested the abilityTable 1. Ventral Midline Differentiation In Vivo and In Vitro
of prechordal mesoderm to induce rostral diencephalic
E10 Embryo E11 Embryo
midline cells in explants of caudal neural plate (Figures(13 somites) (26 somites)
2B±2D) and compared the result with the response of
D M SC D M SC caudal neural plate cultured with notochord. Caudal
HNF3b 1 2 11 1 1 neural plate explants did not express midline markers
SHH 1 11 1 1 1 when cultured alone or with prechordal mesoderm
FP3 2 1 2 11 1 placed some distanceaway (Placzek etal., 1993; Figures
FP4 2 2 2 2 1 1 4A and 4B; data not shown). However, when cultured in
BMP7 1 2 2 2 21
contact with prechordal mesoderm, cells within caudalNkx2.1 2 2 2 21 1
neural plate explants expressed the full complement
40 hr Explant 70 hr Explant of rostral diencephalic ventral midline markers (Figures
pm-r/cNP nc-cNP pm-r/cNP nc-cNP 3G±3L, 4E and 4F; Tables 1 and 2). In contrast, in caudal
neural plate explants conjugated with notochord, floorNHF3b 21 1 1
plate cells but not rostral diencephalic ventral midlineSHH 1 1 1 1
FP3 2 21 1 cells were generated (Figures 3M±3R, 4C and 4D; Table
FP4 2 2 2 1 1). These results indicate that prechordal mesoderm is
BMP7 2 2 21 able both to ventralize neural cells and to induce rostral
Nkx2.1 2 21 1 character.
Number of rNP (10) (15) rNP (12) (34)
explants cNP (9) cNP (29)
SHH Signaling Is Required for Rostral Diencephalic
The top panel shows the profile of ventral midline cells of the rostral Ventral Midline Cell Induction
diencephalon (D), mesencephalon (M), and spinal cord (SC) in rat
At caudal levels of the neuraxis, floor plate induction byembryos at 13 and 26 somites. The bottom panel shows the type
the notochord is mediated by SHH (Roelink et al., 1994,of ventral midline cell induced by prechordal mesoderm (pm) or
notochord (nc) in explants of caudal or rostral neural plate (cNP and 1995; Marti et al., 1995a; Chiang et al., 1996; Ericson et
rNP) after 40 and 70 hr in culture. The shading is intended to aid in al., 1996). Prechordal mesoderm expresses SHH (Figure
comparison between diencephalic and spinal cord regions. Single 2F; Marti et al., 1995b) over the period during which it
explants were analyzed with a range of markers, using double-label can induce rostral diencephalic ventral midline cells in
immunohistochemical techniques on alternate sections. Domains
vitro (see Methods). To test whether SHH is involved inof expression within the induced explants were completely overlap-
the induction of rostral diencephalic ventral midlineping, and coexpression of markers was apparent in many cells. Note
that the mesencephalon marks a transitional domain between rostral cells by prechordal mesoderm, explants werecultured in
diencephalon and hindbrain, sharing properties of both cell groups. the presence of function-blocking anti-SHH antibodies
Nkx2.1 is also briefly expressed in mesencephalic floor plate cells (Ericson et al., 1996). Caudal neural plate explants cul-
around 10 somites. Note also that at 26 somites, BMP7 expression tured in contact with prechordal mesoderm that had
is no longer detected in the rostral diencephalon (compare with
been preincubated with anti-SHH IgG did not expressFigure 1,O).
Nkx2.1 (Figure 4H) or other rostral diencephalic ventral
midline markers (data not shown). Thus, SHH is required
for prechordal mesoderm to induce rostral diencephalicInitially, we examined the ability of prechordal meso-
ventral midline cells.derm to induce rostral diencephalic markers in explants
of rostral intermediate neural plate (Figures 2B±2D).
Neural plate explants cultured alone, or with prechordal SHH-Independent Rostralizing Factor(s) Are
Expressed by Prechordal Mesodermmesoderm at a distance, did not express midline mark-
ers (Placzek et al., 1993; data not shown). In contrast, and Rostral Paraxial Mesoderm
Signaling by SHH is required for the inducing activitiesin conjugates of neural plate in contact with prechordal
mesoderm, cells expressing the combination of markers of both prechordal mesoderm and notochord, yet the
neural plate responds differently to these two tissues.normally detected in the rostral diencephalic ventral
midline were generated. Cells transiently expressing One mechanism to account for this might be that axial
mesoderm atdifferent rostrocaudal levels expresses dif-HNF3b also expressed SHH, BMP7, and Nkx2.1, over
a sustained period, but did not express FP3 and FP4 ferent concentrations of SHH and that these evoke dis-
tinct responses. Alternatively, prechordal mesoderm(Figures 3A±3F; Table 1). Prechordal mesoderm, there-
fore, produces a factor that can induce the differentia- may express a second signaling factor that rostralizes
the response of neural tissue to SHH. To begin to distin-tion of rostral diencephalic ventral midline cells.
guish these possibilities, we compared the properties
and distribution of rostralizing activity and SHH inPrechordal Mesoderm Imposes Rostral Midline
Character on Caudal Neural Plate Cells mesoderm.
The Rostralizing Activity of PrechordalThe ability of prechordal mesoderm to induce ventral
midline cells with rostral diencephalic properties in ros- Mesoderm Is Distinct From SHH
The SHH-mediated induction of midline cells by pre-tral neural tissue might reflect the action of a prechordal
mesoderm-derived ventralizing signal on neural plate chordal mesoderm and notochord requires contact be-
tween the two tissues (Placzek et al., 1993; data nottissue of preassigned rostral character. Alternatively,
prechordal mesoderm may express both ventralizing shown). To determine whether the rostralizing action of
prechordal mesoderm depends on tissue contact, weand rostralizing activities.
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Figure 2. In Vitro Culture
(A) HH stage 6 whole-mounted chick showing
SHH protein expression in midline cells. Ex-
plants were taken, from fresh chicks, from
the regions indicated and microdissected (C)
to yield axial prechordal mesoderm (pm) and
notochord (nc), and rostral or caudal paraxial
mesoderm (pa).
(B) Pre-headfold stage whole-mounted rat
showing SHH mRNA expression in axial me-
soderm. Orange dotted line indicates rostral
border of embryo. Rostral (r) and caudal (c)
pieces were microdissected (C) to yield inter-
mediate neural plate (NP) explants. Rostral
midline neural plate (RD) with or without un-
derlying prechordal mesoderm (pm) was iso-
lated as shown.
(D) Intermediate NP explants were cultured
alone (a), in contact with notochord or pre-
chordal mesoderm (b), or in contact with no-
tochord and surrounded by a ring of pre-
chordal mesoderm or paraxial mesoderm (c).
(E, F) Transverse sections showing HNF3b
protein and SHH mRNA in the late headfold-
stage rat. (E) HNF3b is detected in notochord,
prechordal mesoderm, floor plate (FP), and
prospective rostral diencephalic ventral mid-
line cells (RD). (F) SHH is detected in noto-
chord and prechordal mesoderm.
(G) Axial mesodermal explants cultured alone
for 23 hr and tested by immunohistochemis-
try display their distinctive in vivo properties.
Chick notochord expresses 2F9 and Not-1.
Prechordal mesoderm expresses only 2F9.
Scale bar: A, 180 mm; B, 120 mm; E, 55 mm;
F, 150 mm, G, 50 mm.
examined the ability of prechordal mesoderm to modify Rostralizing Activity Is Also Found
in Rostral Paraxial Mesodermfrom a distance the inductionof floor plateby notochord.
To examine the distribution of rostralizing signals, noto-When caudal neural plate-notochord conjugates were
chord±caudal neural plate conjugates were cultured sur-surrounded by a ring of prechordal mesoderm (Figure
rounded by rings of mesoderm dissected from different2Dc), cells expressing rostral diencephalic, rather than
regions of the embryo. Although rostral paraxial meso-floor plate, markers were induced adjacent to the noto-
derm does not express SHH (Figure 2A) and is unablechord (Figures 4I and 4J; Table 2). Thus, a contact-
to induce midline cells (data not shown), it shared withindependent signal from prechordal mesoderm can alter
prechordal mesoderm the ability to modify the responsethe action of notochord-derived SHH to induce rostral
to notochord, such that rostral diencephalic midlinediencephalic ventral midline cells.
cells, rather than floor plate cells, were induced (FiguresAlthough the amount of SHH diffusing into a neural
4M and 4N; Table 2). In contrast, caudal paraxial meso-explant from a ring of prechordal mesoderm explants
derm (Figure 2A) did not alter theoutcome of notochord-is apparently insufficient to induce ventral midline cells,
mediated induction of floor plate (Figures 4O and 4P;it may be enough to rostralize the response of neural
Table 2).cells to the notochord by augmenting notochord-
Thus, rostral axial and paraxial mesoderm, but notderived SHH. To test this possibility, prechordal meso-
caudal mesoderm, express a diffusible rostralizing sig-
derm was preincubatedwith function-blockinganti-SHH
nal(s) that is distinct from SHH. The signal acts together
IgG before culturing it either in contact with neural plate with SHH to direct the differentiation of rostral dience-
or in a ring around neural plate±notochord conjugates. phalic ventral midline cells.
The ability of prechordal mesoderm to induce ventral
midline cells was blocked (Figures 4G and 4H) but with BMPs Mimic the Actions of the Prechordal
a ring of antibody-treated prechordal mesoderm sur- Mesoderm-Derived Rostralizing Factor
rounding caudal neural plate±notochord conjugates, To identify the factors that provide theprechordal meso-
rostral diencephalic ventral midline cells, rather than derm with its distinct signaling ability, we examined the
floor plate cells, differentiated adjacent to the notochord activity of signaling molecules known to be expressed
(Figures 4K and 4L). Thus, prechordal mesoderm lack- by prechordal mesoderm. One candidate, BMP7, is ex-
ing SHH activity can still alter the response of neural pressed in prechordal mesoderm butnot in caudal noto-
plate tissue to notochord signaling. This result indicates chord in chick and rat embryos during the period of
that the diffusible rostralizing factor in prechordal meso- neurulation (Figures 1M and 1N; J. D. and M. P., manu-
script in preparation). In addition, a related molecule,derm is distinct from SHH.
Prechordal Mesoderm Induction of Forebrain Ventral Midline
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Figure 3. Prechordal Mesoderm and Noto-
chord Induce Distinct Ventral Midline Cells in
Neural Plate Explants
(A±L) Both rostral neural plate (rNP)- and cau-
dal neural plate (cNP)-prechordal mesoderm
(pm) conjugates show transient expression
of HNF3b (A, B, G, H) expression of SHH,
BMP7, and Nkx2.1 (C, E, F, I, K, L), but no
expression of FP3 (D, J).
(M±R) cNP-notochord conjugates show sus-
tained expression of HNF3b (M, N) and ex-
press SHH (O) and FP3 (P), but not BMP7
(Q) or Nkx2.1 (R). All panels show sections
through conjugate explants analyzed by in
situ hybridization (SHH) or immunohisto-
chemistry (all others). HNF3b was analyzed
after 23 hr (HNF3BE) or 70hr (HNF3BL), BMP7
after 40 hr, and the remaining markers after
70 hr. In all cases, cells were induced at the
boundary of mesoderm and neural tissue,
judged by analyzing adjacent sections with
2F9 and Not1 (data not shown, see Figure
2G). Scale bar: C, I, 40 mm; O, 30 mm; all
others, 25 mm.
BMP4, is expressed in rostralmesendoderm in zebrafish 1996) to interfere with the induction of rostral dience-
phalic ventral midline cells. Initially, we assessed the(Hammerschmidt et al., 1996). We therefore examined
the ability of BMP7 and BMP4 to mimic the actions of ability of anti-BMP7 IgG to block the action of BMP7 on
neural tissue. Notochord±caudal neural plate explantsrostral mesoderm.
Caudal neural plate±notochord conjugates were cul- cultured with BMP7 generated rostral diencephalic ven-
tral midline cells (Figures 5A and 5B). However, in thetured in the presence of BMP7 or BMP4. Both molecules
modified the response of the neural plate such that ros- presence of anti-BMP7 IgG, the activity of BMP7 was
blocked such that floor plate cellswere induced by noto-tral diencephalic ventral midline, rather than floor plate,
cells differentiated adjacent to the notochord (Figures chord (Figures 5C and 5D). Anti-BMP7 IgG did not affect
the activity of BMP4 in this assay (data not shown).5A and 5B; Table 2). Addition of BMP7 or BMP4 to
caudal neural plate explants alone did not induce ventral We then determinedwhether BMP7 activity is required
for the rostralizing activity of prechordal mesoderm. Pre-midline properties (Figures 6A and 6B) but did induce
expression of Msx1 (data not shown), a marker of dorsal chordal mesoderm in which BMP7 activity was blocked
by preincubation with anti-BMP7 IgG was cultured inneural tube cells (Liem et al., 1995). Thus, although
BMP7 and BMP4 induce dorsal neural tube cells in the contact with caudal neural plate explants. Floor plate,
rather than rostral diencephalic ventral midline, cellsabsence of a source of SHH, they mimic the rostralizing
activity of prechordal mesoderm and rostral paraxial differentiated in the neural explants (Figures 5E±5H).
Similarly, prechordal mesoderm explants preincubatedmesoderm in the presence of notochord.
with anti-BMP7 IgG and then cultured in a ring around
caudal neural plate±notochord conjugates did not ros-The Rostralizing Activity of Prechordal
tralize the response of the neural tissue (data not shown).Mesoderm Is Mediated by BMP7
In contrast, blockade of BMP7 function in rostral para-To determine whether BMP7 represents the endoge-
xial mesoderm did not affect its ability to rostralize thenous rostralizing activity of prechordal mesoderm and/
response of neural tissue to notochord (data not shown).or rostral paraxial mesoderm, we tested the ability of a
function-blocking anti-BMP7 antibody (Solursh et al., These results indicate that the rostralizing activity of
Cell
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Figure 4. SHH Expression by Prechordal Mesoderm Is Required for Induction but Not for Rostralization of Rostral Diencephalic Ventral Midline
Cells
(A±H) SHH is required in prechordal mesoderm to induce rostral diencephalic midline cells. Induction of ventral midline cells, monitored by
expression of FP3 and Nkx2.1 in sections of explants.
(A, B) Caudal neural plate explant (cNP) cultured alone expresses neither FP3 nor Nkx2.1.
(C, D) cNP conjugated with notochord (nc) expresses FP3 but not Nkx2.1.
(E, F) cNP conjugated with prechordal mesoderm (pm) expresses Nkx2.1 but not FP3.
(G, H) Induction of ventral midline markers is blocked by preincubating prechordal mesoderm with 5E1 anti-SHH IgG (n 5 5).
(I±P) Rostralizing signal is distinct from SHH.
(I±N) nc.cNP conjugates surrounded by either a ring of untreated pm explants (I, J), pm explants preincubated with 5E1 anti-SHH IgG (K, L;
n 5 5), or rostral paraxial mesoderm (rpa) explants (M, N): Nkx2.11, FP32 cells differentiate in the neural tissue adjacent to the notochord.
Note that anti-SHH IgG was not included in the medium in (K, L).
(O, P) nc.cNP explants surrounded by a ring of caudal paraxial mesoderm (cpa): FP31, Nkx2.12 cells differentiate next to the notochord. All
panels show sections through nc.cNP conjugates, analyzed by double-label immunohistochemistry. Scale bar, 25 mm.
prechordal mesoderm is mediated by BMP7, but that cells (Figures 6C and 6D; data not shown). In contrast,
rostral paraxial mesoderm expresses a distinct rostraliz- in the presence of BMP7, 10 nM SHH induced the differ-
ing signal. Furthermore, in the absence of BMP7 func- entiation of rostral diencephalic midline cells, express-
tion, the inducing activity of prechordal mesoderm in ing transient HNF3b and SHH, BMP7, and Nkx2.1 (Fig-
contact with caudal neural plate is similar to that of ures 6E and 6F; data not shown). These results support
notochord, suggesting that the levels of SHH expressed the idea that BMP7 modulates the response of neural
by prechordal mesoderm are appropriate for floor plate tissue to SHH and suggest that the coordinate actions
induction and that BMP7 modifies the outcome of pre- of BMP7 and SHH are sufficient to promote a rostral
chordal mesoderm-derived SHH signaling. diencephalic midline fate.
Application of 10 nM SHH alone consistently induces
floor plate properties in caudal neural plate explants.BMP7 Modifies SHH Signaling in Neurectoderm
However, in two explants, rostral diencephalic ventralTo determine whether BMP7 can act directly on neurec-
midline cells were also detected at the extreme edge oftoderm to alter its response to SHH signaling, caudal
the explant (Figure 6 legend). It is likely that the peripheryneural plate explants were cultured with 10 nM SHH
of an explant is exposed to higher concentrations ofeither alone or with BMP7. Ten nanomolar SHH alone
components of the medium than cells in the center ofinduced cells that were HNF3b1, SHH1, FP31, FP41 but
BMP72, Nkx2.12, the profile characteristic of floor plate the explant (Roelink et al., 1995), raising the possibility
Prechordal Mesoderm Induction of Forebrain Ventral Midline
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Table 2. Rostral Mesoderm and BMPs Act with Notochord to Induce Rostral Diencephalic Ventral Midline Cells
Number of Explants expressing Explants expressing Explants expressing
Culture paradigm explants FP markers only RDVM markers only FP and RDVM markers*
nc-cNP 34 34 0 0
nc-cNP 1 pm 6 0 3 3
nc-cNP 1 rpa 9 0 5 4
nc-cNP 1 cpa 4 4 0 0
nc-cNP 1 BMP7 (1 nM) 8 2 2 4
nc-cNP 1 BMP7 (2 nM) 8 1 2 5
nc-cNP 1 BMP7 (10 nM) 17 1 15 1
nc-cNP 1 BMP4 (10 nM) 6 0 6 0
Notochord±caudal neural plate conjugates cultured either alone, surrounded by a ring of mesoderm, or in the presence of BMPs were analyzed
for expression of floor plate (FP) markers (HNF3b sustained, SHH, FP3) or rostral diencephalic ventral midline (RDVM) markers (SHH, Nkx2.1)
in 70 hr cultures.
* In some explants, the number of floor plate cells was reduced but not abolished, so that both floor plate and rostral diencephalic markers
were detected in a single explant (last column). In each case, both markers were detected adjacent to the notochord, but in nonoverlapping
and predictable regions of the explant. Floor plate cells invariably differentiated within the deepest part of the neural explant. Rostral
diencephalic ventral midline cells differentiated close to its surface, i.e., closest to the source of rostralizing signals. Nkx2.1-expressing cells
represented two populations: those differentiating close to the notochord coexpressed SHH, those more distant did not (data not shown).
Abbreviations are as in Figure 4.
that rostral diencephalic ventral midline cells differenti- prospective rostral diencephalic ventral midline cells
themselves require rostralization by prechordal meso-ate in response to levels of SHH higher than those re-
quired to induce floor plate. To test this, caudal neural derm? In vivo, at early neural plate stages, prospective
rostral diencephalic ventral midline cells express HNF3bplate explants were cultured with a 2.5-fold higher con-
centration of SHH. Rostral diencephalic ventral midline (Figure 2E; J. D. and M. P., manuscript in preparation).
The subsequent restriction of HNF3b to regions caudalcells, rather than floor plate cells, were induced (Figures
6G and 6H; data not shown). Thus, the effect of 10 to mid-diencephalon is coincident with the up-regula-
tion of BMP7 and Nkx2.1 in rostral diencephalic ventralnM SHH and BMP7 together on neural plate can be
mimicked by 25 nM SHH alone. midline cells (Figure 1). Thus, initially, the rostral midline
is indistinguishable from the early caudal midline, sug-We have shown that theSHH expressed by prechordal
mesoderm is sufficient to induce floor plate cells and gesting that rostralization of the midline occurs only
relatively late (Figure 1).cannot itself rostralize the response of neural tissue to
notochord. Furthermore, the ability of prechordal meso- To examine whether rostral character is imposed on
prospective rostral diencephalic ventral midline cells byderm to rostralize depends on its production of BMP7.
The finding that 25 nM SHH can mimic the activity of prechordal mesoderm, we cultured explants of this tis-
sue (RD in Figure 2C) with and without underlying pre-prechordal mesoderm, or the combined actions of 10
nM SHH and BMP7, might therefore reflect the induction chordal mesoderm. At the time of isolation from the 7±8
somite rat, these midline cells express HNF3b but notin the neural tissue of another factor, perhaps a BMP,
that, in turn, mediates the rostralization of the neurec- other ventral midline markers (Figures 1, 2E, and 2F).
When they were cultured without prechordal mesoderm,toderm. To test whether the rostralizing effects of 25
nM SHH are mediated by induction in the neural tissue expression of HNF3b persisted (Figure 7A) but Nkx2.1
expression was not observed (Figure 7C). In the pres-of BMP7 itself, caudal neural plate explants were cul-
tured in 25 nM SHH in the presence of anti-BMP7 IgG. ence of underlying prechordal mesoderm, cells express-
ing Nkx2.1 and BMP7 were observed and HNF3b ex-Floor plate cells rather than rostral diencephalic ventral
midline cells were generated (Figures 6I and 6J). This pression was extinguished (Figures 7D±7F; data not
shown). Prospective rostral diencephalic ventral midlineresult suggests that 25 nM SHH mimics the activity of
prechordal mesoderm by inducing BMP7 signaling cells, therefore, are not specified to adopt a rostral fate
but require signals from the prechordal mesoderm towithin the explant and further supports the idea that
rostral diencephalic ventral midline cells differentiate in express rostral properties.
Prospective Rostral Midline Differentiatesresponse to the combined activities of SHH and BMP7.
to a Caudal Fate in the Absence of a
Rostralizing SignalMidline Cells of the Prospective Rostral
Diencephalon Are Rostralized by The finding that isolated explants of prospective rostral
diencephalic ventral midline cells express HNF3b butPrechordal Mesoderm
Prospective Rostral Diencephalic Ventral neither Nkx2.1 nor FP3 (Figures 7A±7C) suggests that
the differentiation of midline properties requires furtherMidline Cells Do Not Express Rostral
Properties in Isolation signaling. A component of this signal is likely to be pre-
chordal mesoderm-derived SHH, since the induction ofOur results indicate that prechordal mesoderm can im-
pose rostral diencephalic ventral midline properties on rostral diencephalic ventral midline cells by prechordal
mesoderm in rostral midline explants is blocked by anti-cells of caudal neural plate and that SHH and BMP7
mediate this induction. What though is the evidence that SHH IgG (data not shown). To determine the fate that
Cell
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Discussion
The basis for the acquisition of distinct fates by cells
at different positions along the rostrocaudal axis of the
neural tube is not well understood. Here we show that
the distinct properties of ventral midline cells in the
caudal spinal cord and rostral diencephalon are im-
posed by underlying mesoderm.
SHH mediates the induction of ventral midline cells
by notochord at caudal levels of the neuraxis (Roelink
et al., 1994, 1995; Marti et al., 1995a; Chiang et al., 1996;
Ericson et al., 1996). The induction of rostral dience-
phalic ventral midline cells by prechordal mesoderm
also depends on SHH signaling. Prechordal mesoderm
lacking SHH function does not induce midline cells of
rostral or caudal type. However, in addition, BMP7 func-
tion in prechordal mesoderm is required for its ability
to impose rostral character on ventral midline cells in-
duced by SHH. Prechordal mesoderm lacking BMP7
function induces floor plate cells. These observations
suggest that the coincidence of BMP7 and SHH signal-
ing activity accounts for the ability of prechordal meso-
derm to induce rostral midline cells and to inhibit the
program of caudal midline cell differentiation.
Rostrocaudal Patterning of the NeuraxisFigure 5. BMP7 Alters the Signaling Properties of Axial Mesoderm
The rostrocaudal regionalization of the neural plate has(A, B) Caudal neural plate-notochord (nc.cNP) conjugates cultured
with 10 nM BMP7. Nkx2.11, FP32 cells differentiate in neural tissue been proposed to occur through a two-step process
adjacent to the notochord. whereby neurectoderm is induced with rostral character
(C, D) The ability of BMP7 to alter notochord signaling is prevented initially and subsequently transformed into caudal neu-
by addition of anti-BMP7 IgG; FP31 Nkx2.12 cells are found next rectoderm by caudalizing signals (Nieuwkoop, 1952).
to the notochord.
This model has gained support in Xenopus with the(E, F) Caudal neural plate-prechordal mesoderm (pm.cNP) conju-
finding that the neuralizing molecules, noggin, chordin,gates express Nkx2.1 but not FP3.
(G, H) Prechordal mesoderm pre-incubated with anti-BMP7 IgG in- and follistatin, induce neural tissue of rostral character
duces FP31, Nkx2.12 cells in adjacent neural plate (n 5 8). All panels (see Harland, 1997). Other experiments in mouse have,
show sections through explants, double-labeled to detect FP3 and however, suggested that the rostrocaudal patterning of
Nkx2.1. Scale bar: A±D, G, H, 60 mm; E, F, 40 mm. the neural plate requires additional rostralizing signals
from adjacent tissues. Signals from rostral mesendod-
erm appear to be required for the expression and stabili-
zation of Otx2, a general marker of rostral phenotypeprospective rostral diencephalic ventral midline cells
adopt if not removed from a source of sustained SHH, (Ang et al., 1994; Acampora et al., 1995). Furthermore,
the expression of nodal, a member of the transformingthey were cultured with 10 nM SHH. This concentration
of SHH induces floor plate in control caudal intermediate growth factor b (TGFb) superfamily, in rostral endoderm
has been shown to be required for the morphogenesisneural explants (Figure 6C) but induces rostral dience-
phalic ventral midline cells in caudal explants that have of the forebrain and rostral midbrain (Varlet et al., 1997),
and a signal from the primitive endoderm has been sug-received a rostral signal (Figure 6F). In prospective ros-
tral diencephalic ventral midline explants exposed to 10 gested to confer early rostral character upon neural tis-
sue (Thomas and Beddington, 1996; see also Bouw-nM SHH, floor plate cells, but not rostral diencephalic
ventral midline cells, were generated (Figures 7G±7I). meister et al., 1996).
Our experiments indicate that, in rat, the differentia-This result suggests that prospective rostral dience-
phalic ventral midline cells have a caudal fate until they tion of rostral diencephalic ventral midline cells occurs
over a protracted period and that they acquire stableare rostralized by prechordal mesoderm.
We then determined whether the ability of prechordal rostral character only after the 7±8 somite stage, when
they encounter appropriate signals from the prechordalmesoderm to impose rostral character on prospective
rostral diencephalic ventral midline cells is mediated mesoderm. In newly formed neural plate, prospective
rostral diencephalic ventral midline cells appear to haveby BMP7. Explants of rostral midline with prechordal
mesoderm were cultured in the presence of anti-BMP7 a ventral midline identity, indicated by their expression
of HNF3b. This initial differentiation of the midline isIgG. Induction of rostral cell types was abolished (Figure
7L) and, instead, floor plate cells were generated (Fig- likely to occur in response to SHH which it encounters
duringneural plate formation (J. D. and M.P., manuscriptures 7J and 7K), indicating that rostralization of prospec-
tive rostral diencephalic ventral midline cells by pre- in preparation). Sustained SHH signaling is required for
further differentiation of ventral midline cells, and ourchordal mesoderm requires BMP7 function.
Prechordal Mesoderm Induction of Forebrain Ventral Midline
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Figure 6. BMP7 Alters the Neurectodermal Response to SHH
All panels show sections through caudal neural plate explants double-labeled for the detection of FP3 and Nkx2.1.
(A, B) Ten nanomolar BMP7 does not induce FP3 or Nkx2.1 (n 5 9).
(C, D) Ten nanomolar SHH-N induces FP31, Nkx2.12 cells (n 5 15).*
(E, F) Ten nanomolar BMP7 with 10 nM SHH-N induces FP32, Nkx2.11 cells (n 5 9).
(G, H) Twenty-five nanomolar SHH-N induces FP32, Nkx2.11 cells (n 5 13).²
(I, J) Twenty-five nanomolar SHH-N in the presence of anti-BMP7 IgG induces FP31, Nkx.12 cells (n 5 5). (A, B, E, and F) were cultured for
48 h; others were cultured for 60 h.
*In two of these, Nkx2.11 cells were detected at the periphery of the explant. They did not overlap with FP31 cells, which differentiated within
the center of the explant.
²In one explant, a few cells weakly labeled with FP3 in a domain nonoverlapping with Nkx2.1. Scale bar: 25 mm.
studies indicate that this SHH is provided by prechordal identity. Their normal rostral character is likely to be
acquired only when they encounter prechordal meso-mesoderm in rostral regions. However, in response to
purified SHH or to prechordal mesoderm in which BMP7 derm-derived BMP7.
Other studies have demonstrated the presence of fac-function has been blocked, prospective rostral dience-
phalic ventral midline cells acquire a caudal, floor plate, tors in caudal paraxial mesoderm that act to caudalize
Figure 7: BMP7 Function is Required in Prechordal Mesoderm for the Differentiation of Prospective Rostral Diencephalic Ventral Midline Cells
Sections through prospective rostral diencephalic ventral midline cells analyzed for expression of HNF3b, FP3, and Nkx2.1. Panels show
either alternate sections or sections that have been double-labeled after culture for 70 h.
(A±C) Prospective rostral diencephalic ventral midline explants (r midline) cultured alone express HNF3b but neither FP3 nor Nkx2.1 (n 5 6).
(D±F) Prospective rostral diencephalic ventral midline cells cultured with underlying prechordal mesoderm (pm) express neither HNF3b nor
FP3, but do express Nkx2.1 (n 5 11).
(G±I) Prospective rostral diencephalic ventral midline cells cultured with 10 nM SHH express HNF3b and FP3, but not Nkx2.1 (n 5 7).
(J±L) Prospective rostral diencephalic ventral midline cells cultured with underlying mesoderm and preincubated with anti-BMP7 IgG express
HNF3b and FP3, but not Nkx2.1 (n 5 5). In rostral midline-prechordal mesoderm cultures, the neural component was distinguished through
its expression of Nestin 1 on adjacent sections (data not shown). Scale bar: A, G, H, J, 30 mm; B±F, I, H, L, 25 mm.
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signaling in neural tissue therefore appears to depend
on the local SHH concentration. BMPs at the ventral
midline of the rostral neural tube cooperate with the high
levels of SHH, also found there, to promote rostroventral
fates; but at a distance from a SHH source, such as at
the dorsal pole of the caudal neural tube, BMPs act to
induce dorsal cell fates (Figure 8).
Hedgehog (Hh) and BMPs have been shown pre-
viously to act together in the specification of cell fate.
In Drosophila imaginal discs, Hh and decapentaplegic
(DPP) participate in a sequential inductive pathway. HhFigure 8: Model of Cooperative and Antagonistic Interactions of
signaling induces expression of DPP in adjacent cells.SHH and BMPs along the Neuraxis
DPP then acts as a secondary signaling molecule toAxial mesoderm signals the differentiation of ventral midline cells
control cell fate in other cells (Zecca et al., 1995; Nellenof the neural tube. Caudal to the mid-diencephalon, floor plate is
induced by notochord-derived SHH. During the specification of cells et al., 1996; Lecuit et al., 1996). In the caudal neural
along the dorsoventral axis of the neural tube, BMPs expressed in tube, SHH and BMPs have antagonistic actions that
the dorsal neural tube antagonize the actions of SHH emanating may be important for specifying intermediate cell fates
from the ventral midline. Rostral to the mid-diencephalon, BMP7 is in the dorsoventral axis (Basler et al., 1993; Liem et al.,
coexpressed with SHH in axial mesoderm and acts coordinately
1995; Figure 8). However, in the ventral diencephalon,with SHH to induce rostral diencephalic ventral midline cells. Rostral
the expression of BMP7 in the same domain as SHH,diencephalic ventral midline cells also coexpress SHH and BMP7.
It is not known whether the coexpression of BMP7 and SHH within at the ventral midline, results in the cooperation of the
diencephalic ventral midline cells is necessary for subsequent neural two molecules. SHH and BMP7 act together to initiate
tube patterning in this rostral domain. the induction and patterning of rostral diencephalic ven-
tral midline cells (Figure 8).
neural tissue (Itasaki et al., 1996; Muhr et al., submitted).
Together, all these results suggest that neural tissue Mesencephalic Ventral Midline Expresses
acquires positional identity along the rostrocaudal axis BMP7 and Floor Plate Markers
in response to signals from adjacent mesoderm and that The inhibition of floor plate induction by BMP7 reveals
ventral midline regions of prospective forebrain may be an apparent paradox in the finding that mesencephalic
patterned after neural plate formation during neuru- floor plate cellsand theanterior notochord that underlies
lation. it coexpress BMP7 and FP3 (Table 1; data not shown).
However, the expression of BMP7 in anterior notochord,
BMPs and SHH Interact to Regulate Cell Fate midbrain, and caudal diencephalon is delayed relative
Previous work has shown that BMPs and SHH can each to that in prechordal mesoderm and rostral diencephalic
act alone to regulate cell fate. BMPs induce dorsal cell midline cells (data not shown) and may thus occur too
fates in caudal neural plate explants (Liem et al., 1995), late for it to affect the floor plate differentiation pathway.
whereas application of SHH to caudal neural plate ex- Alternatively, the mesencephalon or the axial mesoderm
plants at increasing concentrations progressively in- underlying it may express molecules that interact with
duces interneurons, motor neurons, and floor plate cells BMP7 to interfere with its function (J. D. and M. P.,
(Ericson et al., 1996). Together, these results have led manuscript in preparation).
to the idea that in caudal regions of the neuraxis, ventral
cell fate is controlled by a gradient of SHH emanating
from the ventral midline (Roelink et al., 1995; Ericson et Patterning of the Rostral Diencephalic
Ventral Midline In Vivoal., 1996) and that BMPs, derived from the dorsal mid-
line, induce dorsal cell types and oppose the actions of BMP7 is expressed by prechordal mesoderm and mim-
ics its rostralizing activity. The absence of expressionSHH.
Our findings suggest that another mechanism by of other BMP family members by prechordal mesoderm
in the rat and chick (S. Shah, K. Liem, T. Jessell, andwhich neural cells acquire distinct fates in response to
SHH and BMPs is a cooperative interaction between J. D., unpublished observations), and the blockade of
prechordal mesoderm activity by anti-BMP7 IgG, sug-the two signaling molecules. BMP7 directs ventral mid-
line cell fate in the rostral diencephalon by altering the gests that BMP7 mediates the rostralizing action of pre-
chordal mesoderm in these species.response of the neurectoderm to concentrations of SHH
from the underlying axial mesoderm which otherwise Prechordal mesoderm is closely apposed to the mid-
line of the rostral neural plate and, later, to the ventralwould induce floor plate. Thus, BMPs diffusing into neu-
ral tissue that is apposed to a source of SHH, provided midline of the rostral neural tube. The proximity of the
tissues and the early expression of BMP7 in prechordalin our experiments by notochord, promote both dorsal
and rostral cell fates in nonoverlapping and predictable mesoderm suggest that, in normal development, pre-
chordal mesoderm is likely to be the source of the signalregions of the neural explant. Rostral diencephalic ven-
tral midline cells differentiate in the neural explant adja- that initiates rostralization of the ventral diencephalic
midline. However, whether prechordal mesoderm nor-cent to the mesoderm explant, whereas dorsal cells are
induced at the periphery of the neural explant, in regions mally acts alone in vivo to confer rostral character on
midline diencephalic cells is unclear. We have shownfurthest from the source of SHH. The outcome of BMP
Prechordal Mesoderm Induction of Forebrain Ventral Midline
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Chickthat rostral paraxial mesoderm possesses a BMP7-inde-
Mesoderm explants were dissected from HH stage 6±8 embryospendent rostralizing activity that can act at a distance
(Placzek et al., 1993) and isolated from endoderm using Dispasein vitro to rostralize the response of neurectoderm to
(1 mg/ml). To define the period over which prechordal mesoderm
notochord-derived SHH (Figure 4). Moreover, rat para- induces ventral midline cells, it was isolated from HH stage 6±11.
xial mesoderm rostralizes the response of neurectoderm Mesoderm explants cultured alone did not label with any of the
markers used to define neural cells. A notochord-specific marker,in contact with prechordal mesoderm under conditions
Not-1 (Placzek et al., 1990b), was used in combination with a markerin which BMP7 function in both prechordal mesoderm
of notochord and prechordal mesoderm (2F9; N. Sattar and M. P.,and neurectoderm has been blocked (data not shown).
unpublished observations) to determine the accuracy of dissectionThus, rostralizing signals from both axial and paraxial
of axial mesoderm (Figure 2G).
rostral mesoderm have the capacity to act with SHH to
pattern the diencephalic ventral midline. Explant Culture
The ability of rostral paraxial mesoderm to induce Explants were embedded in collagen and cultured (Placzek et al.,
1993) for 23, 40, or 70 hr, times chosen to represent the equivalentcells expressing the dorsal marker, Msx1, in neural plate
of 6, 13, and 26 somites. In ring cultures, notochord-cNP conjugatesexplants and the expression of BMP2 in rostral paraxial
were surrounded by 4±10 mesodermal explants, in control experi-mesoderm of the headfold-stage mouse (Lyons et al.,
ments n 5 6±10.
1995) and BMP4 in the rostral mesendodermof zebrafish
(Hammerschmidt et al., 1996), suggest that the rostraliz- Purified Proteins
ing activity of paraxial mesoderm may be another BMP. Human BMP7/osteogenic protein 1 (OP1) (Creative Biomolecules),
human BMP4 (gift of M. Jones), and rat SHH-N (Ericson et al., 1996)We have addressed the role of SHH and BMPs in the
were added at the onset of culture and refreshed 12 hr later. Proteinsspecification of ventral midline cells in the rostral dien-
were used at concentrations within the effective ranges used incephalon, but it is possible that the coincidence of these
other assays (Sampath et al., 1992; Ericson et al., 1996).
signals in ventral regions results more generally in the
induction of rostral diencephalic character. SHH expres- In Situ Hybridization
sion is restricted to the midline but can influence neuro- Rat and chick SHH were detected using species-specific digoxi-
genin-labeled antisense RNA probes (Roelink et al., 1994; Ericsonepithelial cells at a distance (Tanabe et al., 1995; Ericson
et al., 1995)et al., 1995, 1996). BMPs derived from prechordal meso-
derm and paraxial mesoderm and later from rostral dien-
Immunohistochemistrycephalic ventral midline might therefore influence more
Embryos (n 5 4 minimum for each marker) and explants were exam-
lateral neural plate cells to promote other rostral dience- ined using standard techniques (Placzek et al., 1993). Antibodies
phalic fates in response to SHH. were used at dilutions: K2, anti-HNF3b PAb (1:4000); K2, anti-HNF3b
Analysis of mouse mutants lacking BMP7 function MAb (1:40); 68.5E1, anti-SHH (1:50); 6G3 PAb, anti-FP3 (1:4000);
6G3, anti-FP3 MAb (1:10); 2E7, anti-FP4 (1:1); 15.3B9, anti-Not-1(Dudley et al., 1995; Luo et al., 1995) may reveal, specifi-
(1:1) (Placzek et al., 1993) anti-Nkx2.1 (1:5000) (Lazzaro et al., 1991);cally, the role for BMP7 signaling in the differentiation
anti-BMP7 (1: 500, at pH 6.4); anti-2F9 MAb (1:1; N. Sattar and M.of rostral diencephalic ventral midline cells. The charac-
P., unpublished observations); and anti-nestin 1 Mab (1:10). In most
ter of the rostral diencephalic ventral midline in these experiments, each conjugate was tested for the expression of all
mice has not been studied. However, our results would markers by using double labeling techniques on alternate sections.
predict that if the paraxial mesoderm-derived rostraliz- Appropriate secondary antibodies (TAGO and Boehringer-Mann-
heim) were conjugated to fluorescein isothiocyanate (FITC), Cy-2,ing signal can diffuse in vivo it could rescue the rostral
or Cy-3.midline, acting in concert with prechordal mesoderm-
derived SHH. This would suggest that redundant BMP
Blocking Antibodies
signaling pathways cooperate with SHH to ensure ros- Anti-SHH IgG, 5E1, and SHH-N-protein A-affinity-purified H4 IgG
tralization of the forebrain ventral midline. If, however, were used at concentrations of 2.5 and 50 mg/ml, respectively (Eric-
the paraxial mesoderm-derived signal cannot operate son et al., 1996). They were first tested for the ability to block floor
plate induction in nc-cNP conjugates (0% FP31, n 5 4). Anti-BMP7from a distance in vivo, our findings would predict that
IgG, 1B12 (Vukicevic et al., 1994), was used at 10 mg/ml. Mesodermalthe ventral midline of the rostral diencephalon of the
explants were preincubated in blocking antibody for 60 min on ice.BMP7-null mouse expresses the caudal properties of
Further inclusion in the culture medium was found to be unnecessary
the floor plate as a direct result of the loss of BMP7 for block of function. The effects of the antibodies were overcome
signaling by prechordal mesoderm. by the addition of 40 nM SHH-N or 50 nM BMP7, respectively.
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